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INTRODUOTION

Fatigue fractures occasionally occur in airplane flight,
hYoth in the englnes and in the airplanes themselves., Such
fractures cannot always be avoided by the designer, asince,
with the many factors affecting the fatigue strength, 1t 1is
very difficult to dimension the varlous structural parts
sorrocctly,! even when the magnitude of the stresses ocan be
determined, Recent researches, however, have brought the
problem of the correct dimensioning of the stressed parts
considerably nearer solutlon. " Since the available data
are only fragmentary and are considerably scattered in the
literature on the subject, I have undertaken to give a
brief summary of the laws governing the fatigue stresses
and of the most important strength coefflclents necessary
for the correct dimensioning of the structural members,

I, EINDS OF FATIGUE STRESSES AND THEIR DESIGNATION

IN FATIGUB TESTS

By fatlgue atrésses 1s generally meant any kind of
stress regularly alternating between a higher and a lower
1imit., Such a stress may be regarded as being produced
by a2 constant initlal tension and a superposed alternating
stress. The cheanging ratio of the initial tension to the
alternating stress ylelds various load cases which deter-
mine the behavior of the material. By simple alternating
stress i1s meant the stress which alteraates botween equal-
ly groeat poslitive and negetive values, the inltlal tension

#1Die Dauerfestigkelt der Werkstoffe des Flugzeug- und
Flugmotorendbanes.! Z.F.M., Nov. 4, 1933, pp. 593-598; and
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being zero in this case. Hence no permanent deformetion
of the stressed part can occur even at high stresses, be-
cause any plastic yielding of the material under the
stress 1s eliminated by the succeeding stress in the oppo-
slte direction. By original stress is understood a stress
fluctuating between gero snd some maximum value, This can
also be understood as an alternating stress superposed on
an equally great etatic stress. It often happens that a
small alternating stress 1s superposed on a relatively
groat basic stress. Under this kind of stressing greater
deformations sometimes occur, and the fractures do not al-
ways have the characteristic appearance of fatigue frac-
tures,.

In determining the fatlgue strength, one ie, of course,
almost always restricted to the most important cases of
streseing. In most cases only the simple revereal astrength
is determined, but often also the original strength. The
determination of the fatigue strength under still greater
initisl tenslon can usnally be dispensed with, since such
high total stresses, mostly with respect to the statie
strength characteristics (especially the yield point), are
inadmissible in practice.

Fatigue tests are normally made and svaluated as fol-
lows. Several tests are made at different stresses, and
the number of load reversals up to the failure of the test
specimen 1is determined each time. Then, by plotting the
stress against the logarithm of the number of load rever-
sals, one obtalng curves of the form showa in filgure 1.

It 1s seen that the dlfferent materlals behave very differ-
ently. The bending-fatigue ocurves for steel are almost
stralzsht and slopqe rather steeply .downward at the begin-
ning. At a cepgain stress, the curve bends sharply to the
horisontal pagition and contlinues parallel to the axis.
Less stressed gspecimens do not breek, even at a practical~-
ly infinite numben of stress reversals. There 1s therefore
an actual fatigue-~strength limit. The number of reversals
at which this |8 reached, lles between one and ten million
for all steels. The eorresponding curves for wood.are sim-
ilar, but the fatigde 1limit 1s reached at a much smaller .
number of reversals (20,000 to 2,000,000). Light-metal al-
loys, on the contrary, show no such bend in the curves,
even at more than 100 million reversals. Even in this re-
gion the fatigue strength contlnues to decrease, though

but very little, as shown by the flatter course of the
curve., In many other materlals, e.g., nickel and its al~
loys, the bending~fatigue curve shows a still dlifferent be-
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s»-ranvior. It -follows a uniform rectlilinear decresse 1n the
revorsal strength throughout .1ts whole length up to sev-
eral hundred million load rewersals.

LECTRT o

ITI. TYPICAL IRAGTUBES

'’ - g T . Lo !
Trom the existenoe of a- pronpunced fatigue 11mit, as
in steel, -for example, conclusions can often be drawn, in
.connection with fractures occurripng im practice, regard-
"dng the natume of the stresses developed, especially ra-:
garding their .frequency, but also regarding their magni-
tude. 'Further conclusions follow from the form of the
fracture, which 4is characteristic of fatlgue fracttirea.
. The most important characteristics of fatlgue fractures
,are the lack of. deformation and the relatlva evenhess of
tho fracture.....ioreover, zone lines often show on the sur-
face of the fracture. These are due to  interruptions in
,the stressing .or in operation. The alternate stressing
"produces a certaln hardening of the material, which con-~
tinues during pauses in operation and especilally during
periods of diminished stress. If great alternating stresse-
-e8 are then renewed, the fracture passes around the hard-
ened zone. This produces the peculiar rellef formation
generally seen in fatigue fractures occurring in operatilon,
.but never in fatlgue tests where the test specimen 1s sub-
Jectod to alternating stresses without interruption until
the fracturo is produced. Tigures 2 to 5 show a few typ-
l1cal fractures. Figure 2 shows fractures of ball studs.
On the left are shown two fatigue fractures, the upper
one having a particularly smooth surface with numerous flne
gone llnes. The lower oné, which started from both sldes
of the stud, has & coarser surface and but few zones. Op-
posite the two fatigue fractures are shown two static frac-
tures, the upper one being a shear fracture, ir which the
surface appears fibrous, and the lower one a tensile frac-
ture in which the surface has a crystalline or gratiular ap-
pearance.* (In the fracture shown, the surface is fidbrous

*The .shear fracture corresponds to the upper limit, the ten-
81lé fracture to the lower 1limit, of the notch~bar strength,
Quite . frequantly transitlonal forms between the two typilcal
fractures occur, in which there are alternating zonss of
shear .and tensile frecture. On account of the zone lines
such fractures are often erronoously mistaken for fatigue
fractures. For the most part, however, the typical frac-
tures can be easlly distinguished by the differences in the
surface structure (reference 1).
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at the begiuning of tlae break.) Flgure 3 phows. the fatigue
fracinre:of:a light«hbétdlitube, starting at’a hole. Even
in-wpod there!1s 4 #imila® differencte bptwéen fatigue and
static fractures, as shown in figliirs 4. Tigure 5 shows a
torsional~fatigue fracture of a crankshaft., Torsional
fractures often assume a spiral or obligue form, and al-
most always do when’ tlere ‘is a notch affect. We also find
longlitudinal and transverse fractures. HNormal tensile
fractures are almost always transverse.

- N
ol R )

3 ..ﬂnrtner conclusions regarding the ‘nature of the stress
cax -bacdrawn from tle area of the remaLning fracture sur-
faece. ;fIf, for example, the rema{ning fracture surface 1s
very small; it follows that the ndrmal opgrating stress
was .rélatively small in cbmparison with the- ‘alternating
stressen, "The 'beginning of a fracture usually occuyrs,. long
befpre ity completion. Even this. however,. depends, on. the
magnitnde: of the baslc stress and the freguency of. $he.
overstiesses. This explains why 1ncip1ent breaks can he
discoxsered. and fractures avoided by careful systematic in~-
spection -0of endangered parts. Even the formerly frequent
crankshaft fractures required, 'for their development from
the.fArst detectable bsginping. an average of about.50
~-hourp-of operation, so that it was found vossidble to.avoild
hadf. #f thei-fractures in 0perstion by 1gsp9ction during
theroverhaulifag. If, -howéver, the basic gtrsss is-high,
.thetfracture dsvelops rapldly. 1In a l&nding wheel of mag-
nesium alloy, a fracture began at the ﬂﬂb after 1,700 land-
ingg.: After 170 more landings: the radture extended more
than:half-way around the hiub.
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..~ .- Before. tne magnitude of the fatigue strength of the

materials can be considered, a few general principles must
be discussed.: Figure 6 showse the effect ‘'of .the frequency

of. the stresses on the fatigue strength (rpference 2).

Thie.-effect Is relatively small when the frequency does not

differ by very great amounts. The effect of the freguency

ia. coqsiderahly greater, however, at hlvher temperatures

anﬁ with comdined static and dynamic stresses.” This may

be dye.to the. fact that the plastic defor tibh 18 then no

Ionger very small 1in comparison with therurely plastilc

dsfqrmatiqn. L A
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Even in alternating . stresses, the deformations are
not perfectly elastic. The plastic deformations, even
when~small;,; cause energy to be absorbed by the material
and transformed into heat for every stress or load rever-
sal., Below the endurance limit, 1t 1s relatively sumall,
at least at the room temperature. The damplng 1is consid~-
erably greater at hlgher tenmperatures., It also depends
onjﬁhé‘ipitial stress and diminishes graduslly at high num—-
bé}bf?gihtress reversale (reference 3). In free vibra-
tigns.t%the ‘occurrence of the fatigue fracture 1s consider—
ably Yetarded by the damping effect of the material. Of
‘1taglf, however, this dampling effect seldom suffices to
prevént; fatigue fractures, since the most highly -stressed
reglone-are generally veory 11m1tqd and the volume of the
matorial -for absorbing the ‘energy-is thorefore very small.

. .Apparsntly in connection ‘with the plastic deformation,
a certaln hardening of the material gradually occurs 1in
fatigue stressing., FEdnce the strength 1s gradually in-
creased.by a large humber of stresses which 4o not exceed
the endurance limit. The increase in the fatigue strength
1a- frém 0 to 30 perceﬂ%. according to the materilal and the
magnitude of the initlal fatigue stresses. It is there-
fore advantageous, even as regards the fatlgue strength,
to run in new engines under gradually increasing loads.
It will bde hardly possibdble, however, to make practlcal use
of this phenomenon, since the initial fatigue stresses can
be only 3 to O percent below the fatlgue strength.

IV. -EPFECT OF INITIAL TENSION

Relatlvely few data are available regarding the effect
of the initlal tenslon on the fatigue strength. Figure 7
shows the behavior of a chrome-nickel steel with a strength
of 81 kg/mm?2 (115,210 1b./8q.4in.) (reference 4). The line
at the right represents the initial tension, while the oth-
er lines represent the sum of the gtatic and dynamic stress-
es. It 1s seen that the additlional alternating stress grad-
ually decreases as the static stress increases. On the “con-
trary, the reversal strength is not diminished by the ini-
tial tenslon due to pressure, as 1t is by that due to trac-
tion, but. 1s even augmented within certain limits,

Table I (at end of report) givee the results of the
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tests made by the DVL (German Experimental Institute for
Aeronautics). For the aluminum a2lloy tested, the reversal
strength is 13 kg/mm® (18,4%W1b./5gq.4n.), the original ten-
sile strength 23 kg/mm? (32,714 1b./sq.in.), and the orig-
inal compressive strength 30 kg/mm3 (42,670 1b./sq.in.).
The alternating stress of 13 kg/mm® vorne without 1initial
tengion is reduced.dy the initlal tensile tension to 11.5
kg/mm® (16,357 1b./sq.in.), and raised by the initial com-
pressive tenslion to 15 kg/mma (21,335 lb./sq.in.)m For
elektron AZM with a reversal strength of 15 kXg/mm? }21.335
lb./sq.in.). the original tensile strength 1s 19 kg/mm3
(27,025 1b./sq.1n.), and the original compressive strength
is 30 kg/mma. Fere the alternating stress 1ls greatly re-
duced by the initial tenslle tenslon, namely, from 15 to
9,5 kg/mm® (13,512 1b./8q.18.), -but 1eg hardly affected at
all by the initlal compressgive tension. Steel has corre-
sponding valwes. The orliginhal bending strength, 1l.e.,, the
original tensile strength, is about 1.7 times the rever-
sal strength, The relations are also very .similar for al-
ternating toreional stresses with initial tensaion.

When the fatigue strength and original strength are
known, the strength with combined static and dyanamic
stresses can be quite accurately estimateds Even if the
original strength of a glven material 1s not known, the
following method can be employed for estimating the strength
with combined stresses. One begins with the assumption
that, with initial tensliorn, the additional alternating
stress 1s directly proportional to the share of the stat-
ic strength in excess of the initial tension. For the al-
ternating stress W supported with the statlc stress 8,

C-.
we then have W = (Op - S)U%' If, o.g., the static strength

of a given material is o = 50 kg/mm3 (71,118 1b./8q.1n,)
and the reversal strength is Ox = 320 kg/mm® (28,447 1b./
8q.in.), that 1s, Og/0p = 0.4, then, with the static

stress § = 16 kg/mma, the additional alternating stress

¥ is (50 -~ 15) 0.4 = *14 kxg/mm® (19,913 1b./sq.in.).

The material can therefore withstand a stress which fluc-
tuates between 1 and 29 kg/mm? (1,422 and 41,248 1b./sq.in.).
This method of estimation 1s generally on the safe side.

Allowance is made for the influence of the cross-
sectlonal tranasltlons by making the ratio 01/03 smaller

than for a emooth rod. These relations will subseguently
be considered in more detail.
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V. FATIGUE STRENGTH AND STATIC STRENGTE

Aiéo ;ith tegard to the relations between the fatigue-

“strength and the statlc-strength characteristics, a fairly

cofhclusive Judgment can now de pronounced., There 1is no
5igt1c-strongth characteristic with which the fatigie
streéength 1s aebsolutely. proportional. In particular there
is no relation between the fatigue strength and the 1limit¢
of elasticity: There is, however, a general dependenue of
the fatigue strength on the static. breaking strength, als
though tié individual values show considerable scattering.
Iigurea 8 to 13 show this dependencs for various matérials,

Figure 8 shows the values for steel (reference 5).
"Here the relationship was first discovered. The ratio of
the fatigue strength to the static tensille strength aver-
ages about 0.5. Thie applies to cast steel as well as to
forged and drawn stesel, It does not, however, apply to
cast iron, due to the notch effect of the graphlte scales.
The individukl values show a scattering of 20 percent about
the mean value. This scattering is quite large and might
throw doudbt on the practical value of such a relationship.
It must be remembered, however, that the fatigue strength
shows a rather large scattering in any case., For example,
in testing different rods of the same lot, discrepancies
of 10 percent are often found. These discrepancies cannot
be avoided, since 1t is, of course, quite impossidble to de~
termine the fatigue strength of every individual rod before
using it. If, however, this is taken into comsideration,
greater importance can be imputed to the static strength,
slnce, in many cases, 1t may save the necessity of special

) 9qdurance testa.

"The ﬁending reversal strength and the torsional rever-
gal atrength are both proportional to the static temsile
strongth (fig. 9) according to tests by Ludwik, Moore and
Jasper, as well as by the writer. The proportionality be-
tween the torsional reversal strength and the static sheair-
ing strength is prodbadly still more pronounced, since, for
materials whOse static shearing strength is very great in
comparigon ‘with.their normal temnsile strength (castings,
‘for example), the torsional revorsal strength is also co¥=
reapondingly great.

Relationa very similar to those:'for gtoék also exist
for the other mhterials., Figure 10 illustrates this for
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alumninam alloys.” Here the bending reversal strength av-
erages about 35 percent of the tensile strength, The scat-
tering is somewhat grester here, however, due probabdly to
the greater sensitiveness of the light metals to the effects
of working. The values indicated in figure 10 are for ten
million stress reversals, there being here for the most

part no pronounced endurance limit, as already mentioned.
Fizure 11 shows how the reversal strengti changes at higher
numbers of stress reversals (reference 6).

In figure 12 the bendling fatligue strength 1s plotted
against the static tensile strength for magnesium alloys,
according to tests by Cazauvd, Lehr, Ludwik, Lyon, Melssner,
H, ¥, lkoore and Jasper, Musattl, Saran, Wagner, and by the
writer. The reversal strength (ms based on ten million
stress reversals) averages about 38 rpercent of the tensile
strecgth,

A very similar relationshlp also exists for copper al-~
loys. Here the ratio of the fatlgue strength to the ten-
s8lile strength is about 0.33, though taere is very great
scattering (25 to 30 percent). This is explained dy the
fact that here also there are alloys contalning relatively
large proportions of other metals (e.g., the brasses).

In figure 13 the fatigue strength 1s plotted agalnst
the compressive strength of wood according to O. Kraemer
(refereace 7). Here the coupressive strength is decisive
instead of the tensile strength, probdebly because the for-
mer ls considerably less. The ratlioc of the reversal strength
to the compressive strength 1s 0.59.

Apparently we are here dealling with a universal law
applicable to all materiale. Yot it is only roughly approx-
imate, as shown by the wicde scattering of the values. If,
on the other hand, we conslder the indivldual processes by
which the static strength of the materials 1a increased,
wa Tind that, 1in tac refining of sitccl or light metal, as
also 1ln cold working, the reversal strength cannot be in-

®*According to tests by Cazaud, Torgerloh, Gibson, Grogan,
Hatfield, Johnson and Oberg, Lehr, Ludwik, R, R. Moore,
Moore and Lewils, H., F. Moore and Jasper, kusatti, Rosenhain-
Archbutt-Wella, Saran, Wagner, and the writer, and accord-
ing to the unpubllshed results of tests by the Metallgesoll-
schaft, Frankfurt, a.X,
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creased 1n the same proportlon-gs the.- statiqg strength., The
ratio Oy 0 decreases with greater refining or with cold
”drawing. gis ‘decrease 1is manifested especlally in the
sticinity of the meximum value attalnadble by the process,
The effect of the chemical composlitian, hoyever, ls rela-
tively small. In steel the alloy has rq perceptible ef-
fgct on the fatigue strength for:.the. same-tenslle strength,
... On.the contrary, the ratio Oy/0p .of annoaled steel de-

it .creases with inerease in the carbon éontent (referemce 5).
~AXl:of these effdédte-are not very. gieat, however, so that
the.fatlgie -strength always remains within the range of

scattefing shown in flgurea ‘8 to 12. o .

The 1nd1cated values ars baaed on the alternating bend-
ing stresses. " In tensile-compreasive stresses the reversal
gtirength 18 generally somewhat smaller. Perhaps this is
“because secondary bending stresseés occur in tensile-compres-

‘sive tests, due to slightly eccentric mounting. Values be-
tweeén 70 a»d 100 percent of the bending reversal strength
are found,

Except for castings, the torslonal reversal strength
is 50 to 70 percent, or a mean of about 60 percent of the
bending reversal strength., 1In all alloy castings the tor-
sional reversel strength 4s 70 to 90 percent of the bending
roversal strength., In all cases the ratio of the torsional
reversal strength to the static shearing strength is approx-
imately the same as the ratio of the bending reversal
strength to the static tensile strength.

VI. PARTIALLY FINISHED PRODUCTS

”~

S on

The fatigue strengths given are for flawless ‘speci-
mens machined and polighed on all sides, 1.e., according
: to the requirements -for standard fatigue tests. Thus many
; influences are purposely eliminated, which may be of de-
clasive importance for the fatigue strength of structural
members, especially the surface roughness end the effects
* of worklng., As & result of these influences, the fatigue
strengtlr of partially finished products 1s considerabdly
® - lower., - Therdfore we will first consider the magnitude of
. the .individual ‘influences and their effect on the fatigue
strength of partially finished preducts. The strengths
are given in tdble ‘ITF. - .

Ea
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1, Bffect of Direction of Gyailn

el Flr'. =

e Ehe'miefbscopic inclusions of slag, which are present
in-very’ wetdl, do not mffect the fatigue strength when
»%h%B " ﬂlfaction of stress polucides with that of the grain.
When', However, the stress 1is pernendicular to. the grain,
there is usually a marked reduction in the fatigue strength,
due both to the inclusions and to the ‘tnfavorable direction
of the grain. Thie reduction depends larzely on the. struc~
ture and is therefore more proaounced in thick forgings,
due to the generally less thorough forging and to the
. coaraseness of the structure as comparcd with thaot of thin
forgings.'where 1t 1s often vanishingly swmall. Ip large .
forgings from duralumin, elektron (propsllers) and steel
. (-crankshafts), the reduction in strength is 10 to 30 per-—
..cent :and even more in 'specilal cases, according to observa~
tlons-of fractures and tests by Junger and A, J.. Lyon.(ref-
erence 8). Large slag inclusions and holes, which. of
course, would greatly reduce the fatlzue strength and lead
to fractures, rarely occur in the carefully selected mate~
rials employed in airplane end engine conetruction.

D 2. Bffect of QGrooves Due to Working

’

Host structural parts do not have smooth polished-
surfaces, but always have grooves and scratches which con-
glderadly reduce tnelr fatigue strength. Even when greater
derancs are made witn regard to the .finighing, the surfaces
almost always show sllght dents, scratches, etc., which may
affect the fatigue strength. It mrust always be borne 1n
mind, especially as regards large pleces, that a single
slight defect of any kind may coneiderably reduce the fa-
tlgue strength of a whole structural part. Thils partially
explaeing the often-observed smaller fatigue . streangth of
large structural parts as compared with that -ef small test
specinens, .

Of the mechanical methods.of finishinz, the best (next
to polishing), in 1ts effect on the futigue strength, is
grinding, providing it is done so that the direction of the
grinding grooves coilncides with the direction of etressing,
If, on the contrary, the grinding grooves are at right an-
gles to the directlion of stressing, there 1s a notilceabdle
reduction in the fatlgue stremgth. TFor steel this 1is 10 to
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15 percent, according to the hardnesas, and sometimes even
mora. About the same reduction in the fatlgue strength

.can be assumed for.parts cerefully filed. On the other

hand the fatigue strength of parts simply turned or planed
1s considerably smaller. Junger's tcstes of steels, having
a tenslle strength of 50 to 90 kg/mmﬂ (71,117 to 128,011
1b./8q.in.) and a fatigue strength of 26 to 45 kg/mm3
(35,560 to 64,000 lb./sq.in.) for longitudinally ground
specimens, ylelded, with transversely planed specimens, a
fatigue strength of 256 to 30 kg/mma (35,550 to 42,670 1b./
8q.in.) (reference 9). 1In contrast with the fatigue
strength of the longitudinally ground specimens, taat of
the transversely planed speclimens increased but very 1lit-
tle with the tensile strength, since the strength was great-
1y reduced by the machining grooves. From this fact 1t
followe that good surface finighing 1s desirable for the
harder steels, in order to utilize fully their greater
strength even in parte subjected to alternating stresses.
On the contrary the strength of soft steols is only slight-
ly iancreased by grinding or polishing and 1ls therefore gen-
erally uneconomical. The great discrepancles between vari-
ous steels are also partially due to the fact that their
workableness differs greatly and that therefore their sur-
face condition after treatment differs correspondingly.

The reduction in the fatigue strength of longitudinally
planed specimens 1s only about half ss great as that of
transversely planed specimens,

For duralumin the effect of surface injurles 1s less.
The fatigue strength of flled speclmens is not over 5 per-
cent less than that of polished speclimens. On the other
shand, sharp-~edged scratches are more easlly produced in
the softer metal than 1n hard steel. Hence one must always
allow for a 5 percent loss of strength, due to unavoidabdle
surface injuriles.
Y

N 3. Partislly Finlshed Light-Metal Products

N

The effect of surface injuries, drawling grooves,
rolled-in splinters, etc., in the production of sheets and
section metal i1s naturally similar to that of the grooves
produced in finighing. Hence tests of sheet and section
metal with unfinished surfaces often yleld lower fatigue
strengths. The defects due to drawing and rolling the met-
al (such a8 high internal tension and surface tears and,
under some circumstances, excessive stressing in the pro-
duction of the unfinisghed materials) aro still more dan-
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géfous?“ ‘fhese defects are éspecially prononnced in parts
(stcﬂ es 'H sections and -tectangular:tubes), the produc-

-t;qa ‘of which ig, espacially dif’lcult end liadble to be ac-
.cempanied by excessive streaqes. -Phé 14ability to such
'1njuries varles greatly.with tae matérial used. Relatively
unfavoxuhle in.this respect .is tLe HéHavior of. the light .
mepq}q, the unfinished products of wh1¢h often have very
}ow,fatiggo ptrengths. (Se& tablé II.) Thus unfinished.
\sgeet duralumin- has a fatigue strength of 10 to-12 kg[mm
(14,220 60 17,070 1b./eq.in,) and tubes and sections 9 tq
9P kgﬁqm (12 800 to 13;510 -1b./sq.in.). The fatigue
st;ength 0of "hydronalium® :seécétions is st1ll lower, obvious-
-:,4Y due to the poorer workability of this material. ' Sheet
elektron has a fatigue strength of about 8 kg/mm (11,380
1b./8q.in.), while tubes. and sections of the same matesial
have a fatigue strength of 5 to 7 xg/mm (7,112 ta 9,956
1b. /aq.in.) * iy

e Partially Tiniahed S8teel Products

Yhile light metals are very sensitive:to the process
of finishing, this 1s seldom the case witi steel, since -
excessive ptressing of this material can be readily avoided
by heat freatment. Hence we find in steekﬂggaets and tubes
of low dnd medium strength only a slight diminution of the
fatigue strength, which can bde entirely accounted for by
the surfgce scratches.** “ -

i In ateel other phenomena also occuq, which are spe-
cially noticeable in the more highly refiped steels and
R hich may reduce the fatigue strength comglderadly. These
':E} @.;the hardness stresses and, above all,- the decarboniza-
on of the surface layer by the heat treatment. In forged,
hot-rolled or tempered parts, the surface layer 1s decar-
bonized by oxidation during the .heet treatment. The sur-

*That we are not here dealing with any form or surface ef-
fect 1s ghown by the fact that, e.g., test spscimens from
rectahgﬁlar tubes likewise yileld strikingly.:laqw, fatigue
atrengths. which cannot be raised to normal: values even by
removing the surface layer and by poliahing.--(Under fiform
effecth 1t 48 to be understood that the stressilng of the
sectipps diue to cross~sectlonal variation may: be locally
greatgr Xtbhan the stress corresponding to the .section modulus.
**EVén strnctural steels show occaslonal . gurface injurles
from rolling. which materlally reduce the fatigue strength
(reference 10),
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face layer then-conaiéts.of a cbﬁsideiébii'wéaker substance,
goft iron in the limiting case. Heace surface cracks occur

-at relatively.low fatigue gtresses: ¢nd continne inward, due
40 the notch effect; This.effect of.the surface deécarboniz-
- atlon is naturelly proportional to the carbon content and

to- the fineness of the steel. 4s shown By figure 14, the
fatlgue strength of unfinisghed forgings increases but 1lit-
tle with the tensile strength.® BRolling the surface has a
similar effect. Yor example, various alloysed epring steels,
having a strength of 120 to 140 kg/mm® (170,680 to 199,130
1b./8q.1in.) under combined static and dynemic stressing,
showed a bending fatigue atrength - of 40 * 20 kg/mm? (56,894
+ 28,447 1b./sq.1n.) for specimens wlth rolled surface, and
40 * 48 kg/mm® (656,894 * 68,273 1b./eq.in.) for specimens
without rolled surface (reference 12). Even the slight
surface decarbonization iIn hardening or refining consider-
ably lessens tkhe fatigue strength. - (See tadle II.) Hence,
ey tre fatigue strength of sheet steel one millimeter.
(0.04 in.) thick refined to a strength of 160 to 170 kg/mma
(237,575 to 241,800 1b./sq.in.0 is only 16 to 25 percent

of the static tensile strength. The propertles of wires
are naturally similar to those of sheet motal. Thus, ac-
cording to Hankins and Becker (reforomce 13), the bending

.reversal strength of refined stcel wires is reduced dy 25

to 40 percent and the original strength by 20 to 30 per-.
cant, if the surface layer, decarbonized in the process of
hardenlng, 1s not removed or the decarbonizetion 1ltself 1s
not preverted (e.g., by heat treatment in neutral gases or
cyanide baths). It ies therefore .necessary to remove the
surface layer and to polish, when especially high fatigueé
strongth 1g desired. Tests by 8wan, .Sutton, and Douglas
(reference 14) on the fatigue strength of valve-spring
wiree under combined static and dynamic torsional stressos
showed, e.g., an upper limit of 44 to.63 kg/mm® (62,583 to
89,508 1b./eq.in.) as delivered, the fatigue stress being
60 percent of the static stress. 4 maximum strength of 96
kg/mn® (136,546 1b./sq.in.) was obtained by removing the
decarbonized surface layer, Ground and polished wilres
such as are now used for the valve springs of aircraft ea-
gines, are rather expensive. Very good rosultg.can be ob-
tained, however, by using cold-drawn wire, singce the effect
of the surface decarbonization is at least partially offset
by the cold hardening. 1In practice the extreme limit to
which very good valve springs can be stressed is about 80
*In addition to the surface decarbonigzation, it is also
necesslitated in this case by the rougher surface of the
forged specimens (according to tests by Hankins and Beck-
er). (See also reference-1l,) . ., ' . . o .

!
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”% (113 788 1b./wq.1n.)’, thie ‘belng ‘the upper limit of
oh ‘Yor the cdsd when the u;tern&fing stress 1s 40 per—-
' cen% '6f ‘the static dtress, “This 1s*at‘the very fabigie lim-
“*it,, however, and dI1 supplemeitary stresdes must therefore
be taken ‘into condlderation. " In vale springs, howevdr, -
the actual fatigue ‘stress ‘is ‘often thice ag groat as the
stross detérmined from the valvo 11#%, “gince froe vibra-
,tions of the épring windings occur. Palte Co .

6. Surface Earden;ng'

_-._‘.'_:‘_"' '. . . . IR . _" 'r'- R

2 ':“fﬁfle the fatigue strength of thé ‘whole piece Lg ife-t
&ucéﬁ“ﬁ%en ‘the svrface -layer has & Low -fatigue strength,’
the effect of surface Injurles -i§ redudééd by bardening tua
eurfacé and under somé circumstendes the -fatligue strength
Yof the\whole plece can be considerably‘incrdased. In ni-

. trided ateels (reference 15), for example. the fracture.

) always beglns underaseath the anitridcd 1ayer ‘and even when
emall sharp notches, corrosion scars, or "Blmllar surface
injuries are preseant, provided, of courso, that these sur-
face injuries do not penetrate throuzh tho nitrided layer.
T;us we always have a fatlgue strength corresponding to
that of the ineide mnterial in the 1568l  condition; l.e.,

.free from ory surface injurles., In Trarta subjected to
"Bending or torsional stresees, w8 find'*moreover. corre-

. sponding to tho thickress of the altrided lJayer, a slight
incroase in tho fatlgue strength of the.ndrt as compared
with that of the inside material. Resqlts similar to
thoso of nitrogen hardeaing can also b6 obtained by cese-
hnrd011ng ard, though in & lesser degree, by cold harden~

 ing: of the surface by preessure polishlng, rolling, com-

:press On. ete,

Heu

. .
o -

~-f-_ﬁh- 6. Bffect of Corroslon

-
..

"Corrosion produces a greater or smaller notch effect
thrbugh the formation of scars which consideradbly diminish
'the %afigue strength. Tests were nade in the DVL with
_stedl’-sheets of 1 mm (0.04 in.) tkickress, which had bsen
"exposed to salt-water gepray for a month or two before the
fatiguo test. The fatlgue tests ylelded the same resvlts,
whether the procoss of corrosion had beén comtinuned for oao
montia or for two moaths. The roversal strength of a Cr-¥i-
¥ {(chrome-nickel-tungsten) steel, refined to a atrength of
160 kg/mm? (227,575 1lb./sq.in.), vas reduced to 25 kg/mm?
(85,559 1bi Bq.in.). The effect of corrosion may be almost

a= -,
L -
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as great in the case of corroslon~resisting steels. The

14 percent chrome stesl V3H, with a stremgth of 170 kg/mm3
(2%#1,800  >b:/8q.1in.) has, uncorroded, a reversal strength
of 43 kg/mm® (61,161 1b./sq.in.), but only 27 kg/mm2(38,4083
1b./8q.in.) after being corroded. If the resistance to
corrosion is still greater, as in the more highly alloyed
stecls V5 and V2A, thers is genorally no reduction 1an the
fatigue. strength. Iz original stressing the redvction in
the static strongth from corrosion is generally less than
in the alternate stressing. The static streagth of Cr-
Ni-¥W ateel, e.Z., falls from 48 kg/mm? (68,273 1b./sq.in,)
(refined, but not worked) to 40 kg/mm® (56,895 1b./asq.in.)
(corroded), while that of the corrosion-resisting chrome
steel V3K falls from 53 to 50 kg/mma (75,3856 to 71,118 lb./
8Qein.). For duralumin the fatigue strength of corroded
epecimens is 8 kg/mm® (11,379 1b./sa.in.), as compared with
12 to 14 xg/mm® (17,068 to 19,913 1b./sq.in.) for uncorrod-
ed speclimens. The docrease in the fatigue strength i1s con-
s8ldorably greater, eapecially for steel, when corrosion and
fatligue stressing occur simultaneously. In this case the
conditions are quite complicated, since the corrosion time
is affected by the frequency of the stresses and by tke
total number of load reversals. ¥Tor exanole, with ten mil-
lion load reversals in 55 hours end simultaneous corro-
sion, the fatlgue strength of duralumin 681B and 6BlZB 1is

7 to 8 kg/mm® (9,956 to 11,379 1b./sq.1n.); of elektron
AZH, 3.5 kg/mm® (4,978 1b./eq.in.); and of all eteels with
a strength of 30 to 160 kg/mm?® (42,670 to 227,575 1b./sq.12.),
abont 12 kg/mm® (17,068 1b./sq.1in.).

VII. EFFECT OF INCREASED TENSIOJ AT
CROSS~SECTIONAL TRANSITIONS

The values thus far glven chiefly concern the fatigue
strength of smooth tost specimens and of partially finished
productes. The fatigue strength of tho structural part it-
self, however, 1s often conslderably reduced by stress in-
crements at the mnavoidable cross-sectional transitions.

A fatigune fracture is therefore a brittle fracture. There
i3 no ylelding and therefore no offeetting of the local

" stress increments. Hence such stress increments cannot be
disregarded, as 1s perrmissidle in static stressing. 4As an
indication of their magnitude, it was found by Inglis that,
with a notch of depth d and a fillet radiuns r at the
apex, the tension increment under normal stressing 1is

2 /q/r. Strictly speaking, thisg 13 valid for an ellintical
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Hole 'and for & notch 4id theé form of a -gemlellipse on a
. iplate ¢f infinite width, but -ip arpliceble epproximately
to many notch forms. - The -in¢reace in tenslon at a cross-
‘sectiondl transition can be epproximately estimated in
-'thié'way for uniplanar-"tension conditions. 1In order to
‘détérfiine the maximuwm-tension-‘at the bottom of the notch,
.the medn tension must simply te :mltiplied by 1 + 2./d&/T.
In dany cases the values thue ‘éstimated are not very accu-
‘Fdtd, The tension of structural parts hes often beea ac-
curately messured, however, and the results published.
'The meking of such measurements, which are very valuable
for desiganing structural parts, cacnot, however, be here
described in detmpil. We will only call attention to the
method of measurirg the elongation, as developed by the
¥aybach Engine Company (reference 1G).

Let use conslder the behavior of the material 1la fa-
tigue stressing with respect to such tension increments.
For the computation 1t wounld indoed be¢ voery simple if it
were only necessary to ncawacro or estimate the tenslon in-
crement aad then introduce the fatigue streagth of thoe
suooth test erecimen. Apparcently, however, the fatigue
strength in mogt cases 1s anot reducsed to the extent which
the tension increment according to the theory of elasticilty
would lesd us to expect. This is die in part to a certain
internal notch effect 1ln the material, resultling from the
directional dependence of the modulus of elasticlty 1in the
individual crystellites. (In many matorials the modulus
of elastlcity 1an the crystal varles about as 1:2 according
to the location with respect to the axes.) It is also due
to the cver-presont small lnclusloné of slag. The phenom-
enon may also be duo to the fact thet the fatigue strength
is not the seme in the 3-dimenslonal tension field as in
tho uniaxizl fiocld. . Upfortunately very 1little is known
concerning the laws here .applicable.

The queation now 15,.as t0o how much the reduction in
the fatigue strength depends‘on the tension increment 5/d7r
according to-the theory of "elasticity (provided this rcla~
tionship is applicadble to the form of the specimen). Tests,
which were made 1n the DVE on bending~fatiguve ‘specimens
with a middle collar of constant magnitudé but varyimg ra-
dius of fillet, -showed the effect of the latter on the of-
fective increase in tension, as .plotted in figure 15,

From this it is obvious that,the reduction in the fatigue
strength, i.e., the practically effective tension increment
le not proportional to 4 1l/r, bdDut increases less rapidly.
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In order to determine what rolation exists between
-the.effective tonsion increwernt end ./d, the bending
fatigue tests, which ILudwik (rofereace 17) had made with
test bars having notches of varlous depths, were repre-
sented '1h this menner. 48 showa by figure 16, the rela- =
tionahtp is ‘here reatilinear. The actual tenslon incre-
moxn 0 45A;I7r. i.6., congliderably smaeller than
244 r. )

. lith very small notcheg the absolute megnitude of the
noteh also gpparontly has dn“effect. This is particularly
important’ in. connection wilth the small surface injurtes

roduced’ in working the material. Tests by N. Thomas
%referenpe 18) with a 0.33C steel showed that with notches
of about 0.02 mm (0.0008 4in,) depth, the tension increment
is only .0.16,/d/r 1instead of 2./d/r. With notches of
0.l to 0.7 um (0,004 to 0.028 in.) depth the notch factor
wvas 0,46, The diminution of the notch factor in this fleld

- of very small surface notches or scratches 1s calefly at-

tributed to the internal notch effect. o answer has beea
found, however, to the question as to whether, in large
crosp~sectional transitions, the anotch factor 1ls affocted
by the absolute magnitude.

Fron all thils 1t 1s obvlious that the actual relation
betwcen thc effective tension increment and the tension
incrunent accordlng to the theory of elasticlty could not
yot be detormlned. So long, however, as this natter 1is
not sottled, the danger of fatigue fracturos cannot be de—
ternined dilrectly from tenslon measurements. This danger
tust therefore be determined for tho preseont from fatigue
tests of the structural elements themselves or of whole
structural parts,

It nust also be remenbered that theée effect of the

.tenslon incremnent depends on the naterial used, so taat
.evexa the results of fatigue tests cannot be transferred di-

rectly fronr one nmateriml to another. The sensitiveness to
notches 1s proportional 1in stecols, e8.8., to tho tensille
strength, as shown in figure 17 (reference 19).

The notch offect is less 1in torsilonal altérnating
stresses than in bending alternating stresses or in alter-
natlng tensile-~compressive stresses, The percentage reduc-
tlion in strength 1ie proportional to the ratio of the tor—
slonal reversal strength to the bending reversal strength
(reference 17). Tor Ty = 0¢6 Oy, we thus obtain

L
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Srooad X k n_
.i.'i'_‘.~ : '.. v v
1n:§p;ch Ty and "0y reﬁ;égent the reversal strength
wi}ﬁbut gotchi ng: and Opyx, with notch, Tabdle  III

shows the eoffect of a small notch and of a collar on the
bending and torsional reversel streangths of several mate—-
rials. The notch senslitiveness ls the greatest ian hard
2steéls and’ in magnesium alloys, but very small in light-
fhetal castirgs end in wood... The notch effect imn combined
statle and dynamic stressing 1s consideradly smaller than
in pure:dlternate stressing (fig. 18) (reference 12).
u¥erycfewrnumdrdcal: data are available in this cohnection,
thowever. -Whéen-ho ¢orresponding values are at hand, one
may startq in estimating the fatigue strength,. with the
sgssumptioé. thet the notch effect 1ls operative only in con-
necétion with” the dy.iaric share of the stress. If, 8.8,
the original strergth of a steel is 60 kg/um® (85,340 1b./
-.8g.in.) and if a novch is present by which the reversal
strength 1s reduced 50 percent, then, with an initilal
stress of 20 kg/mm® (42,670 1b./sg.in.), the alternating
stress is changed by #15 kg/mm® (+21,235 1b./sg.in.).
Such ar estimata, hogever, is rather Ilnaccurate, the re-~
sulting values not being on the safe side.

VIII. FATIGUE STRENGTH OF STRUCTURAL PARTS

l, Effect of Holes

The irfluence of various notch effects on structural
parts 1s indicated in table IV. A very common form of not
notch is a-slmple hole. The reduction in the fatigue
strength is.thea duo not alone to the hole itself but also
to the grooves in tiae hole and sometimes to the burr on the
the edge of the hole. . The results of a wnole serles of
experiments regarding the effect of Loles on the fatigue
strength are avallable. In bendingz fatigue tests (refer-
ence 20), steel rods of various stronzgths wita trans-
verse perforations were found to nave 50 to 60 percent of
the reversal strength of specimens.witkhout holes. Tests

- of tubes and sectlons .with holes are-more important for
thelr bearing on ailrplane construction. Table I contains
the deta for-ordinary carbon-stecl tutes. The ratio be-
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tween ﬁhe fatigue stxength of the perforated tuhq and that
of the smdoth tube 18 '0.47 with alternating stnesses and .
;0450 with initial tensile stresses. Since the initial
qomp:eseive strength is considerably greater, the fatigue
atrength ‘of a structural part can sometiines be considera-
bly" ihcreased by shifting the connections to the presgure
g8lde. Cr-Mo steel tubes, which had a congiderably higher
fatigue strength, ylelded, when perforated, 'no higher val-
ues than the carbon-steel tudbe. .The ratio of the rever~
sal strength with hole to that without hole was very un-
favorable, being only 0.32. A corrosion-resisting chrome.
steel with.a strength of 170 kg/mm® (241,800 1b./sg.in.)
yiplded better results. .’ ‘A rivetéd. tube of this material
yielded with hole, & reversal strength of 23 kg/mm?
(32,7141v./8q.4n.), while the reversal strength of a
smooth test. strip (without hole) was about 43 kg/mm?
(61,161 1b. /sq.in.). For duralumin’ and elektron tubes the
ratio.of the. reversal strength with hole to that without
holg is about 0.44 (according to tests by Hertel at the
_PYL). .

Under alternating torsional etresses, fractures often
start at the holes. The formerly frequent crankshaft
fractures often began at the oil hole. In order.to ascer-
tain the effect of the hole and to be able to estimaté
the strength of crankshafts, torsional fatigue tests with
crankshaft models were made several years ago at the DVL,*
These tests showed a torsional reversal strength of. the
model of 22 kg/mm® (31,290 1b./sq.in.) as compared with 4
strength of 37 kg/mm® (52,627 1b./sq.1n.) without hole..
The original strength of the model was 30 kg/mm?® (42,870
1b./8q.in.). Figure 19 shows the fracture, which proceeds
from the lnner edge of the oll hole, as is always the case

.1n fractures durlng operation. This i1s due to the fact

that the burr 1s not removed on the inner end of the hole,
resulting in a conslderadly greater stress at this point.

_.This example also shows clearly the need of caréful’ aur-'

= FkLd

*The model was a two~throw crank corresponding in dimen=.. .
slons (on the scale of 1:5) to a shaft which had ¢ften - .
broken in operation. The crank-pin dlameter of the modsl
was .12 pm (0.472 in,),-the length of the crank pin 12 mm,
the dlameter of the inside hole 4.8 mm (0.189 in,), and

the diameter of the oil hole 0.8 mm (0.031 in. ).,.The mate-
rial was, Or-N1-¥ steel, with a strength of 120 kg/mma '
(170,680 1b. /sq.in.). '
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face finishing especially for.spch ‘highly reflined steels.
’streii erﬂhi testa of large.granicshafts in operatilon
show; “hor'éoveri- that” 1h’ those tie irncture may occur at a
conhi&%&ab&y lowdr stress than_ in, the¢.models.*. It has not
Fot dden detérmifhed whether tnis involves the influence of
-hhe. Abgblute maghitude on the,danger of local increases
einathe tensinn. .

.xq‘i\ R .
wEpy ocal X - . T
- LA 2, Strength Reduétion in Keyed Joints
._.r:', » ' .
f.-...c-""' o

-Fatigue fractures oftédn occur 1in keyed joints, e.g.,
between the shaft and proPeller hib. The.points are es-
peclally dangerous wnere there is seizing of the parts.
Henee, for rexample, tle torsional raversal etrength is re-
duced by a deer—tranemitting. keyed’ éonnection conslder~
...ably more "than would correspoad to tiie notch effect of the
keyway alone. Zven when the key restp ‘on a flattening of
the shaft, i.e., when there is no appreciable notch ef-
fect, there 1s a reductlon of about 35 percent 1in the tor-
slonal reversal strength. At

. - -t
TR

3. Fatigue Strength of Screwed, Bofﬁeﬁ:énq-nivetad Joints

s Ton

The fatigue strength of screwed and bolted Joints is
especially important. . In this connection it 18 remarkable
that tre notca effect of & Berew thread is lesp.than that

of a single notch of the game form. 4 rathpr important
role is'played by the fillet radius, whids - often .dpviates
tconsiderably frém stan@ 4" values. Tests at. the DVL with
commercial’id " mn’ (0.55 %Y screws ylelded, for bright
screws of" e%%eﬁ-machine hteel and of arnealed - carbon steel,
»a rdversal”stténgth of 17 to 22 kg/mm3 (24,180 to,.31,290
lb.ISq,in.).' The reversal streagth of subsequently heat-
tréated screws vas the same, since tae effect of the great-
.er stremgth (Jg = 71 kg/mm® (100,987 1b./sq.in.) instead
of 55'kg/mm® (78,229 1b./sq.in.)) is offset b¥ thl orfect
of the sutrface decarbonization (reference 21): ' Preylous
tests with rather poor 8 mm (0.315 in.) scréwq\of‘ecrew—
machinelateel shoved a reversal strength of dﬂly‘il 'Lg/mma

'-1

LT

- .%The Jiffererce is considerablz greaten tqgn thq qtrength
reductiom*due to ‘the stronger influence thﬁqe fihpoqs
structure. )
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(15 646 1Y, /sg.in.). Eoreover, tests were made regarding.
the effect of heat treatment on’ the” ‘s trength of 10 mm (0.39
1n.) threadi op' a -Cr-Ni-W steels: _Iith a refining to. o5 =

1560 . /mma (213 360 1v, /sq,in.). a reversal strength of
31 kg mm? (44,093 Ib,/sq.in.) was obtained in the thread,
when the thread wag. cut .after heat treating the material.
(If howpver, the thread was heat treated after finishing,
thé resulting reversal strength was only 15 kg/mme (21,335
1bs/sg.1na)). 83111 greatér strength can be obtained by a
speclal thread with a 1arger'f1119t radius and by surface
bardening, For example, a reversal strength of 42 kg/mm?
“{59,739 1b./Bq.in.) was obtained with 3/8-inch scrows of
.nitrided steel with Oy = 72 kg/mm® (102,409 1b./sq.in:);

while the reversal strength. of the same screws before ni-
triding waes only 26 kg/mm® (36,980 1b./sq.in.) (reference
22) These methods for increasing the strength are im-
portant because it is often necessary in practice to re-
Place bdroken screwas or bolts by othera of the greateat
.posslible fatigue strength.

In this connection, attention muest be called to the
fact that the stresses to which screws are subjected are
often not pure tensile stressas as commonly assumed in
construction. On the contrary, bendling stresses of con-
slderable magnitude are often present, due to unequal
support of the head of the screw or deformation of the
supportlng surface., TFurthermore, iz designing, insuffi-

..c¢lent allowance 1s often made for the fact that, in Joints

wlth several screws, they are not all equally stressed and
can easlly be overstressed.

While fatigue dreaks occur quite often in screws
subjected to tensile stresses, they very seldom occur 1in

- screved or bolted joints strossed in shear. On the other

’hand, fractures often occur in the parta Joined, begin-
ning at the holes. The same is true of riveted joints,
Here also a fatigue fracture of the rivets almost never
occurs, but the fatigue strength of the riveted Jjoint as a
whole 1ls consideradbly reduced. Tests of the fatlgue
strength of riveted Jolnts ylelded adout 30 to 60 percent
of that of the uninjured material, or 70 to 100 percent of
that of the perforated piece, Figure 20. ghaws the condi-
tions obtaining in this kind of Joint. If; khs riveted
Joint is subjected to initial tensile strasa, then the
edges of the holes are .subjected to the nnrmgl ptressos
and to the bearing presanre. . The fatigue strength in this
case is therefore lower than that of a siqgle perforated
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piecai'-!hd condition®d: are ‘gquite. different. in the ‘case. of
an Imitialr compressive :streas.. .The ‘forces are the:n: trans-
* mitted by ‘the rivet.directly to Wthe opposite cross section,
tiue ;eldmineting the stress dngremepnt on the wall of the
koke. -due to the normal tenelon.  -In thls .case, therefore,
pr.grepter fatigue strength is to Pe sxpected than that of a
,'sdnple perforated plece. -Accordingly the conditlons in
~<he ;elternately stressed riveted Joint ars such that the
Angreaap in tension ai the edge of the hole is effective
op;y during the tensile stressing and that therefore the
‘9ffect '0of an origlnal stress 1s felt. Hence, even Iin this
case,” taiere may sometimes be a smaller notch effect than
what would corraspond to the simple hole. It 1is also true
that, in this region of low stresses, the transmission of
ﬁpxne by friction between the strips becomes very pro-
nounced and the rivets may be consideradly relleved by the
distribution of the forces throughout the whole riveted
cross sectlion. Of course the strength of the Jjoint as a
whole 18 still further increased by butt straps (with gev-
eral rows of rivets), or by splicing.

' 4, Tatigue Stremgth of Welds

T Quite different conditions exist An welded Jjoints. .
Here there 1s less of a notch effect than at the points
_of transmission in the other Xxinds o# 401nts thus far con-
" plderéd. Tkere is, however, betwqpn the parts Jolined, a
" zono of ietal in the condition of & casting and next to
the letter a zone of annealed metel. "Moreover, 1t often
bappers that the chomical compositgo of the.-matter in the
weld zone is considerably altered 4’rom that of the parts
welded; for example, it may be strongly decarbonized. All
these concurrent influences vary greatly according to the
material and tho nature of the weld. Hence the. fatigue
strength of the welds has greatly differing‘vqiuen. reng-
ing betweun 50 and 20 percent of that of thﬁ unmelded met-
al, XNaturally, the higher values are foun& p.the sof¢
steels. It 1s expedient to base the fatigue qt:ength. as
well as tho static strongth, not on.the original material
but on that annealed by the weldlng., - Then fhe d1fferonces
are considerably smaller. Trhe fatigue atrength of welded
carbon-steel tubes, as used in salrplane construction Awith
unsmoothed welds) is 14 fto 18 kg/mm? (19,913 to 25,600 1b./
. Bgqein.). . (Bes tables I and IV.) Or-Mo-steel: tubes yield
‘somewhat. higher values (reference 23) . Ayparently :the. aorig-
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inal strength of welded tubes is relatively high (table I).
O0f course the values given are valld only when the weld
itesel®f ias perfect. Otherwise they may be considerably
smaller, ‘ -

- IX. CONOLUSBIORS -
TR

The fatigue strength of a structural part is affect-
ed by very many factors which do not affect the static
strength and are therefore disregarded in connection with
the latter, 4l1ll these conditions must be considered in
fatligue tests. From the viewpoint of the deslgner there
is, therefore, no fatigue strength to be based slimply

on the material. The structural form (increased tension
at the cross—~sectional transitions) and the character of
the surface of the member must alwayes be considered in
Judging the actual fatigue strength. The odbject of this
work was to 1indicate the magnitude of these 1influences

in the individusl cases and to facllitate theilr estima-
tion. In determining the fatigue strength with regard

to these influences, 1t must be borne 1a mind, however,
that the influences of the same order of magnitude, e.2.,
all those due to the nature of the surface, cannot be
added sccording to theilr mnature and have but little rutu-
ally strengthening effect on one another. On the other
hand, the fatigue strength 1s reduced by large notches and
cross~pgectional transltions; for example, in addition to
the Influence of the surface. Hence, lnsofar as the effect
of both influences is not determined in common, the reduc+
tion factors estimated for both influences are to be added
algebraically, in order to determine the total reduction
in the fatligue strength. 1In this way, with consideration
of the known fatlgue strengths, the most important of
which for airplane and engine materials are included in this
paper, the fatlgue strength of the structural parts can at
least be approxlmately estimated.

SUPPLEMENT

While this article was in press, a work by R, B, Peter-
son appeared. (reference 24), which contains experimental
results on the influence of the absolute magnitude on the
fatigue strength of smooth and notched specimens., These
data make it possible to estimate numerically the depend-
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%nce of the notch effect on its absolute magnitude. Due
to the great importance of these data 1ln determining the
fatigié strength of structural parts, theoy will be given
briefly. '

In smooth rods (without cross-sectional transition),
the size of the specimen has no sppreclable effect on the
fatigue strength., The tests wore made with specimen rods
of 1,27 to 50,8 mm (0,05 to 2.0 in.) diameter and with
ptesls of 0,20, 0.24, 0.44, and 0.57 carbon content.

In test apecimeps with cross~sectional transitilonms,
however. the pbsolutp magnitude has a very considerable’
effect bn the fatigue strength. Figure 21 shows the rela-
tibps fb; spacimens with a trarcsverse hole. For two se-
ries of’ testb a carboh steel contalning 0.45 C, 0.79 Mu,
0.18 Si 0. 03? ‘S, and 0.012 P wae used, with 0g.3 = 22.9

kg/mm3 (32, 5793.b /8g.1n,), Oy = 53.4 kg/mm2 (75,953 1b./

8q.in.) elonghtddn (2 in.) = 32 percent, reduction of
area = 50 percent, and Oy = 23.2 kg/mm2 (33,000 1b, /sq.in ),

the specimens-having diameters of 1,27 to 50.8 mm (0.05 to
2 1n.§ A heat—-treated 0,57 carbon steel was used for the
third series of tests (strength data not given in the re-
port). While the notch fatigue strength 1s 70 to 90 per-
cent of the normal fatizue strength for very small speci-
mens, 1t 1s only 40 to 60 percent for very large speci-
mens. The relatioans are slmilar for other notch forms,

According to these tests and to theoretical consider-
ations, 1t may be assumed that the notch effect in very
large cross sectlons tends toward the value according to
the theory of elasticity as the 1limit. Opposed to this,
however, are the facts that, in plotting Og/Oggx agzeinst

the logarlthm of the dlameter of the specimen, the test
points lle approxluately on a straight line, and espvecial-
ly that the greater notch sensitiveness of the 0.57 carbon
steel 1g Just as pronounced in the large specimens as in
the small ones. With increasing approximation to the
theoretlcal notch effect, the differences in the notch
sensitiveness should gradually diminish.) Further research-
es wlll bPe necessary for .clarifyring these relations. It 1is
certain, however, that, in estinating the notch effect, the
influence of the absolute size of the structural members
cannot be disregarded,
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TABLE I

- ®Bffect of Initial Tenslon on the Fatigue Strength

27

Strength (kg/mm3
Material g ( El G)
08 | %% |S+vu -T
Aluninum elloy*

0.99 S, 4.28 Cu, 0,54 ¥n 36|13 23 30
Magnesium alloy** -

0.12 51, 0.43 Zn, 5.30 Al 34 ] 15 19 30
C-steel tube 28 by 1, smooth-drawn 64 | 32 39 -
O-steecl tube, smooth drawn with

3 mr hole 54| 10.6] 19,5 29
C~steel tube, welded 46 ] 15 29 -
Corrosion~resisting Cr-steel 1 mn
ag delivered 751 33 57 -
sheet 0.34 O, 13.7 0T <y .4 treated |170 | 43 |~53 -
Stalnless sustenite stesl
1l mu strip, hard-rolled 116 | 42 75 -

»T

Il

B 24 kS/ma, Tw = 9,5 kg/mma'
‘.T:B = 17 " -|'w = 7.5 n

(kg/mm® X 1422.36 = 1b./sq.in.)

Tg = 15 kg/mm®
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TABLE IX
" Patigue Strength of Partially Finighed Oroducts, etc.
o3 GW' - ,/'3 *
kg/mw? | kg/mm3|{ "W °F
a8
~ 53 Stecl (crankshafts) 0.7-0.9
LERL
2o 8%
o2 w  Duralumin (forging) 0.9
348 3848
- LE
# = Blektron (propeller) 0.8
ey ’S .
' Steel:
]
3% erinding erooves { tonsgitudinal 1.0
§ 8 €€ {transverae** 5G~-90 0.8-0.9
FL)
¥
Y P longitudinal 0.75-0,95
[« ¥ .
o+ Planing grooves i, .ngverse*** [50-90 |25-30
[ |
2 8 Duralunin:
H™ Flle scratch (smooth file)
transverse > 0,95
Duralumin:
Sheet ~ 40 |10-12
° Tubes and sections 9-9,5
L Elektron:
g Sheet 29 8
4 © Tubes and sections 5-7
= f1Steel:
E'U C~-gteel tube, smooth-drawn 54 22
f8 Stainlees steel (V24), 1 mm
kg strip, as delivered -
w4 (smooth-rolled) 112 | 42
a,, Corrosion~resisting steel (VEM),
,ﬁa sheet as delivered (pickled) 121 44
£ 3 Corrosion-reslsting steel (V3M),
F‘E heot J 28 delivered, unworked 75 33
& saee {haat—treated. unworked 170 43
Cr-¥1-¥ stesl
asg delivered, unworked 121 39
sheet {heat-treated. unworked 162 | 39

®, %% s¥»: See footnotes, next page.
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TABLE II (cont.)
Fatigue Strength of Partially Finished Products, etec.
T
Og Ow
kg/mm® | Xxg/mm?
g 8 Steel (continned):
Exhé 0.5 C sprling-steel wire:
@46 worked before heat treatment 72
o A worked after heat treatment 43
3o
aﬁ-ﬁ Cr-V spring-steel wire:
“Yyg worked before heat treatment 67
B+ worked after heat treatment 50
Previously corroded by exposure .
to salt-water spray for one
month:
Stainless steel (V2A), as de~-
livered (smooth-rolled) 112 43
Corroslon-resisting steel (V5M),
a as delivered (pickled) 121 48
[«]
2 Corrosion~resisting steel (V3X),
E heat-treated, pickled 170 27
[«}
: Cr-N1-W steel, heat-treated,
o plckled 168 25
-
E Duralumin ~8
# Simultaneous corrosion and fatigue .
stressing (10 million periods at
50 Hers)
Steel 30-160 ~12
‘Duralumin 7-8
Elektron 3.5

*Oy' = reduced fatigue strength; Oy = normal fatigue
strength of polished speclmens of full cross section.

*#Also flle acratched (smooth files)
*#%Also lathe grooves,
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TABLE IIX
Effect of a Notch and of "a Collér on the Bending and --
Torsional Reversal Strength
Tensile | Bending reversal Torsional reversal {Accord-
strength| strength (kg/mm?) | strength (kg/mm®) ing
Materlial Smooth|With |With |Smooth|With |With to
kg/mn2)| rod |notch*|col- | rod |notch*|col- .
lare» 151-!.
C steel (St 48) 53.9 36.0 18.0 {15.0 | 15.0 | 13.0 |11.5 | Ludwik
Cr-Ni steel ’
(VCN 35) 108 53.0 | 29.0 |85.0 | 30.5 | 32.0 |20.5 n
Cr-Ni-¥ steel
(refined) 114 58.0 - 32*»w| 38,0 - SOwees DY
Cr-Ni-% steel
(air-hardened) | 163 69.0 { 32.0 [30.0 | 37.5 | 26.0 | ~ Tudwik
Elektron (AZM) 34.5 15.3 - 7.3 7.5 - - DVL
" " 31-3 11.0 10-0 Lol 6-5 - - Ilud'ik
Duralumin 681 B 46.2 15.56 - 9.0 6.7 - - DVL
" 68l B 40.8 14.0 13.5 j11.5 8.0 7.5 7.0 | Tudwik
" 681 ZB 44,7 17.7 - 11.0 10.8 - - DVL
Silumin (cast) 19.6 6.0 6.0 - 4.2 - - Indwik
%ood (pine) 14.0 4.2 | ~224 536 - - - DVL
3.a)

*Fourfold annular notch of 0.2 mm depth and 0.05 mm fillet radius
(with a die for cutting metr. thread of 5 mm diameter).

*¥*Tor form of collar, see sketch.
*2xfidth of collar =d4; p = 0.1 mm.
ssuvDiameter of collar = 1.5 d4;
p = 0.3 mm.

X45° notch of 4 mm depth.

(mm x 03937 = in.)

b=2d
d=9.5mn [l p=0.5m

D=24
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TABLE IV
Influence of Notch Effects on the Fatigue Strength
(o}
WK o
kg/mm3 'Ilb:f
Holes: in steel rods 0.5-0.6
" n tubes 0.32-0.54
" duralumin tubes ~ 0,44
" elektron tubes ~ 0,44
Koeyed Joint: effect of working
(without notch effect) 0.65
Screws: commercilal with
Op = 65 to 70 kg/mm?, (11) 17-22
of Cr-Ni-W stecl (Og = 150 kg/mm® ), 31
Nitrided, 42
Riveted Jjoints 0.3%0.5
Welded Joints 0.5-0.9
C steel sheets and tubes 14-18
Cr-Mo steel tube ~ 21

Translation by Dwight M. Miner,
National Advisory Committee
for Aeroneauntiecs.
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ture of a crankshaft.
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Flgure 8.-Bending reversal strength vs. tenslle strength.
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Bending reversal strength.6w107. k'g/mm2

Torsional reversal strength,dy, k'g/mm2
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Tlgure 16.-Influence of depth of notch on effective increase in tension.

60° V-notch with 0.05 mm (0.002 in.) fillet radius and 0.1 to
0.8 mn (0.004 to 0.031 in.) depth. Cr-Ni steel (VCN 35) with a strength
of 108 kg/mn? (152,614 1b./ 8q. in.)
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